1. Introduction {#sec1}
===============

Uncontrolled bleeding following trauma or surgery is a major cause of global trauma mortality \[[@bib1], [@bib2], [@bib3]\]. In particular, bleeding-induced infection is one of the significant cause of complications in tissue regeneration, resulting in inflammatory response and delayed healing in wounds \[[@bib4],[@bib5]\]. Hydrogel-based hemostatic materials have drawn significant attention in recent years because they act as sealants to control bleeding \[[@bib1],[@bib3],[@bib6],[@bib7]\], which provides a barrier against infection by microorganisms \[[@bib4],[@bib8],[@bib9]\] and creates a suitable microenvironment for accelerated wound healing \[[@bib10],[@bib11]\]. Although existing hemostatic agents based on hydrogels are beneficial, these materials are far from ideal because of their poor tissue adhesion, particularly under wet and dynamic hemorrhage conditions \[[@bib12],[@bib13]\]. A major barrier to adhesion is interfacial water, which is present as a film on tissue surfaces. Specifically, water molecules in continuous blood flow initiate hydrogen interaction with the functional groups of hydrogels, which significantly weakens the adhesive strength at the interface between the hydrogel and the tissue \[[@bib14], [@bib15], [@bib16]\]. Catechol chemistry inspired by the wet adhesion of mussels has provided a valuable biomimetic resource for developing diverse adhesive hydrogel for use in aqueous environments \[[@bib17], [@bib18], [@bib19]\]. However, catechol is easily oxidized with an increase in time, which leads to gradual weakening of the hydrogel\'s adhesive strength \[[@bib20], [@bib21], [@bib22]\].

To address these limitations, primary strategies include the design of hydrogels with the ability to displace the layer of interfacial water at the adhesive interface to facilitate bonding with the tissue \[[@bib12],[@bib13],[@bib23],[@bib24]\]. Several adhesive hydrogels with hydrophobic structure have been developed to induce spontaneous coacervation at the contact surface for rapid removal of the interfacial water, resulting in enhanced interaction of adhesive groups with the dry tissue surface \[[@bib12],[@bib13]\]. Despite such progress, however, one major limitation needs to be addressed: The robust adhesion property of hydrogels can also lead to the adhesion of bacteria in the environment, which results in hydrogels contamination and potentially wound infection. Therefore, the challenge remains to combine the properties of strong adhesion under wet conditions and antibacterial performance in hydrogel hemostatic materials.

*Staphylococci* have the ability to form sticky biofilm matrices that adhere to wet and dynamic surfaces such as river rocks, deep-sea vents, plant roots in the rhizosphere, and indwelling medical devices in the human body \[[@bib25],[@bib26]\]. This type of biofilm exhibits impressive adhesive force in the micro Newton range, making it one of the strongest biological adhesives yet described \[[@bib25],[@bib27]\]. Moreover, a curing mechanism in this biofilm enables the adhesion strength of the holdfast to increase logarithmically with the time of surface contact \[[@bib28]\]. Previous studies have shown that the adhesin in staphylococcal biofilm is a gel-like material composed partly of cationic polysaccharides, protein, and DNA \[[@bib29]\]. Among these components, cationic polysaccharide intercellular adhesin (PIA) ([Scheme 1](#sch1){ref-type="fig"}a) plays a key role in cell−surface adhesion \[[@bib30],[@bib31]\]. About 20% of the monomers in PIA are deacetylated; the remaining 80% hydrophobic residues (-CH~3~) can displace the interfacial water between the bacterium and the surface, thereby promoting close contact between the cationic free amine group (GlcNH^3+^) and the surface \[[@bib25],[@bib31]\]. Although biofilm is usually considered to be a vexing problem and is difficult to remove, the mechanism of PIA-mediated adhesion has inspired the design of a novel adhesive hydrogel. The adhesive hydrogels driven by PIA molecules are expected to exhibit robust adhesive behavior on the wet and dynamic surface of tissue bleeding uncontrollably.Scheme 1Schematic illustration of design strategy of an engineered biofilm and mussel inspired dual-bionic adhesive hydrogels (DBAH), and its application for Sealing Hemostasis and Wound Healing. (a) The structure of polysaccharide intercellular adhesin (PIA) derived from biofilm and DOPA derived from mussel protein that play a key role in wet adhesion; (b) A biometic biopolymer, chitosan grafted with methacrylate (CS-MA) from PIA, and Dopamine, a catecholamine containing a catechol group of DOPA, was conjugated with NMA for hydrogel formation; (c) Schematic illustration of strong underwater bioinspired adhesion base on the self-repelling water function of CS-MA. (d) The multifunctional properties and potential application in in vivo hemorrhage and diabetic wound healing with antibacterial performance.Scheme 1

Herein, we develop a dual biomimetic strategy to prepare adhesive hydrogel (DBAH) driven by staphylococcal biofilm (PIA) and mussel adhesive proteins (Dopa). As depicted in [Scheme 1](#sch1){ref-type="fig"}b, the DBAH was fabricated on the basis of a synthetic polymer, CS-MA-*g*-poly(NMA-*co*-DA), consisting of chitosan (CS) grafted with methacrylate (CS-MA), dopamine (DA), and N-hydroxymethyl acrylamide (NMA) via a radical polymerization process. CS-MA is a biomimetic polymer that mimics the structure of PIA with about 80% of the monomers as hydrophobic residues (-CH~3~) and 20% as cationic free amine group (GlcNH^3+^). DA is a derivative of L-3,4-dihydroxyphenylalanine (DOPA), which is abundant in mussel adhesive proteins. When DBAH is in contact with water, the abundant hydrophobic residues (-CH~3~) aggregates and quickly forms coacervates, thus self-repelling the water molecules on the substrate surface ([Scheme 1](#sch1){ref-type="fig"}c). At this point, more catechol groups of DA and cationic free amine groups NH^3+^ of CS-MA are exposed outward, promoting sufficient contact with the adherent substrate to achieve rapid and strong wet tissue integration. This superior tissue integration endows DBAH with excellent hemostasis ability by sealing the bleeding wound even in the wet and dynamic environment of a rabbit\'s heart ([Scheme 1](#sch1){ref-type="fig"}d). In addition, owing to the protective screen of DBAH and the intrinsic antibacterial property of CS, the DBAH scaffold shows good anti-infection capability while maintaining biocompatibility. All of these biomedical functions for DBAH demonstrate its high applicability to wound healing.

2. Experimental {#sec2}
===============

2.1. Materials {#sec2.1}
--------------

The DA, MA, and BIS used in this study were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). The CS, with an average molecular weight of M~ƞ~ = 3 × 10^5^ and 70% degree of deacetylation, was obtained from Yangzhou Rixing Bo-Tech Co., Ltd. (Yangzhou, China). The NMA and TEMED were obtained from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). Sodium hydroxide (NaOH) with a purity of ≥97.0%, which was used as the ACS reagent; acetic acid; MTT; and APS were acquired from Sigma--Aldrich. The live/dead cell staining kit, phosphate buffered solution (PBS; 0.01 M pH 7.2--7.4), and Dulbecco\'s Modified Eagle Medium (DMEM) were purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). The diamidino-2-phenylindole staining kit was acquired from Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China). The lysogeny broth (LB) medium and agar powder were obtained from Oxid.

2.2. Synthesis and characterization of CS-MA {#sec2.2}
--------------------------------------------

First, the CS-MA was synthesized as previously reported with some modifications \[[@bib31]\]. The acetic acid solution of 1% CS was prepared for use, and MA was then added dropwise to the CS solution to reach molar ratios of 1:3, 1:6, and 1:9 CS/MA, respectively. The mixture was allowed to react at 60 °C for 8 h. The unreacted MA was dialyzed against deionized water for three days. After freeze-drying, the products of CS-MA with different grafting degrees were recorded as CS-MA1, CS-MA2, and CS-MA3. The degree of substitution (DS) of CS-MA was calculated by the ratio of integrated area of the methylene (Ha) peaks at 5.4 ppm and 5.7 ppm to that of the Hb--He peaks at 2.5--4.2 ppm according to Eq. [(1)](#fd1){ref-type="disp-formula"}.$$DS = \frac{\text{AH~}{(5.4\text{\&}5.7)}\text{~/}2}{\text{AH~}{(2.5\text{\&}4.2)}\text{~/}5}\text{×}70\text{\%}$$

2.3. Fabrication and characterization of DBAH {#sec2.3}
---------------------------------------------

The DBAH was synthesized by using the following procedures. (1) CS-MA, DA, NMA, APS, and BIS were mixed in an ice bath under stirring. The compositions of the different hydrogels are listed in [Fig. 2](#fig2){ref-type="fig"}a. The mixtures were stirred until a clear solution appeared, followed by adding a few drops of TEA to create basic conditions (pH = 8). After 10 min of mixing, the solution was polymerized at room temperature to form DBAH. Hydrogels with different weight ratios of (CS-MA)/DA were synthesized to investigate the effects of (CS-MA)/DA on the properties of the hydrogels. The time at which the hydrogel did not flow was regarded as the gelation time. Each test was performed in triplicate. (2) The DBAH was soaked in deionized water for 6--8 h and was then immersed in ethyl alcohol (95%) containing about 10% water for 3--5 h; this procedure was repeated three times. Finally, the hydrogel was soaked in ethyl alcohol (95%) for 3 h and was dried in air. The NMA monomer in the hydrogel extract was analyzed by HPLC (Agilent 1260 Infinity Ⅱ) to determine the purification efficiency. Unless otherwise noted, all of the tests and biological experiment described below used purified DBAH.

2.4. Microstructure {#sec2.4}
-------------------

All DBAH samples of swelling equilibrium for SEM analysis were first freeze-dried and were then sprayed with Au film to provide a conductive environment. The morphologies of the hydrogels were observed by SEM (Hitachi TM3000) with a working distance of 20 mm under an accelerating voltage of 15 kV.

2.5. Swelling tests {#sec2.5}
-------------------

The initial weight of DBAH was accurately measured after being freeze-dried. Then, the hydrogel samples were immersed in a PBS buffer (pH = 7.4) at 25 °C and were swollen until the equilibrium state was reached. After specified time intervals, the swollen hydrogels were weighed after gently removing excess water using filter paper. The swelling ratio is defined as follows:$$Qt = \frac{Wi - W0}{W0}$$where W~i~ and W~0~ represent the weights of the swollen and initial samples, respectively.

2.6. Mechanical properties tests {#sec2.6}
--------------------------------

A dynamic mechanical analyzer (MCR102, Anton Paar, Austria) was used to analyze the rheological properties of the DBAH including the storage modulus (G′) and loss modulus (G″). First, the purified DBAH was prepared according to the above method. All samples were cut into cylindrical shapes 25 mm in diameter × 1 mm in height. The linear viscoelastic region of each hydrogel sample was determined by strain scanning under the conditions of 37 °C and 1 Hz frequency. Under the conditions of 37 °C and 0.1% strain, the variation in G\' and G″ at the frequency range of 0.1--100 Hz was studied by using the oscillatory shear deformation mode.

2.7. Wet adhesive properties of DBAH {#sec2.7}
------------------------------------

The wet adhesive strength of the DBAH was measured by performing lap-shear strength tests on porcine skin and were quantitatively analyzed according to a method described in previous research \[[@bib9]\]. Fresh porcine skins were obtained from local markets and were kept in a freezer at −4 °C until use. The skins were then cut into sheets of 5 cm × 2 cm, and excess fat was removed. The measurement was performed using a universal test machine (Instron 3340), and the values were calculated by dividing the maximum load by the corresponding overlapping area of each sample. DBAH samples with dimensions of 2.0 cm × 2.0 cm with different DS of CS-MA (DBAH CS-MA1 DBAH CS-MA2, DBAH CS-MA3) were applied to tissue segments, upon which additional segments of tissue were immediately pressed. The samples were then allowed to cure for 10 min at 37 °C under humid conditions. A tensile tester with a 10 kN load cell was used, and the samples were fixed between the two film clamps with the tensile rate set at 5 mm/min. Five samples for each group (n = 5) were used in the adhesion test. A hydrogel copolymer PDA-PNMA free of CS-MA (SBAH) was also used for analysis as a control.

The morphologies of the adhesive interface samples were first extracted and were then fixed with 2.5% glutaraldehyde in a PBS buffer (0.1 M, pH 7.0) for 5 h. Subsequently, the samples were washed three times for 15 min in a phosphate buffer and were then dehydrated by a graded series of ethanol extractions (20%, 40%, 60%, 80%, 90%, and 100%) for 20 min at each step. Prior to the viewing, the cross-section of the samples were mounted and sprayed with an Au coating. Finally, the samples were observed under using SEM (Philips-FEI, Holland).

To provide a dynamic and wet environment, the DBAH on the surface of the porcine skin substrates were bended and distorted. Flowing water was applied to the interface between the hydrogel and the porcine skin substrates. In addition, adhesion-strip cyclic tests were also conducted 10 times on the surface of wrist skin to evaluate the repeatable adhesiveness and skin\'s sensitization from the hydrogels.

2.8. Burst pressure measurements {#sec2.8}
--------------------------------

The bursting pressure test was performed according to previous methods following the ASTM [F2392](astm:F2392){#intref0010} standard protocol \[[@bib36]\]. A segment of porcine skin tissue with dimensions of 4 cm × 4 cm and 5 mm in thickness was prepared for this measurement. A 1.5 mm circular incision was first made in the center of the tissue and the surface was kept wet. Then, DBAH 10 mm in diameter and 3 mm in thickness was adhered to the puncture site. The skin tissue with hydrogel was fixed to a measurement device linked to a syringe pump filled with PBS solution. The pressure was continually increased by injecting PBS at 2 mL/min. A digital manometer was used to measure the pressure on the adhesive. The value at which the pressure began to decrease was considered to be the peak pressure. The experiment was repeated three times.

2.9. Antibacterial properties of DBAH {#sec2.9}
-------------------------------------

A model of a dressing covering skin tissue was used to evaluate the antibacterial activity of DBAH. As previously mentioned, purified DBAH samples with different ratios of (CS-MA)/DA were prepared. Dressings of gauze, PEGDA hydrogel, and SBAH were used as control groups. Sections of porcine skin with dimensions of 3 cm × 3 cm serving as experimental tissue substrates were cut and cleaned to remove excess fat. The sterile dressings were applied to the surface of the porcine skin and were pressed for 1 min to ensure attachment before being incubated in a constant temperature incubator at 37 °C for 12 h. Then, the dressings were removed, and the possible bacterial survivors on the tissue surface were rinsed with sterile water and diluent. They were then added to the LB agar culture medium and were incubated for 24 h. The colonies forming units were counted and photographed.

2.10. In vitro biocompatibility experiment {#sec2.10}
------------------------------------------

The cytotoxicity test of DBAH was performed using an MTT and live/dead assay by co-culture of DBAH extract with NIH-3T3 mouse fibroblasts in vitro. First, the extracts were prepared by incubating DBAH in a DMEM medium at an extraction ratio of 20 mg/ml for 24 h at 37 °C. After the extract was sterilized by 0.22 μm filters and supplemented with 10% fetal bovine serum (FBS). The NIH-3T3 mouse fibroblast (cell concentration = 1 × 10^4^ cells mL^−1^) was inoculated in a 96-well cell culture plate containing DMEM complete medium at 37 °C overnight. Subsequently, the culture media were removed, and 100 μL of the hydrogel extract was added to the culture plates. The cell proliferation rate was quantified using the MTT assay at 24 h, 48 h, and 72 h, respectively. Additionally, cells were stained using red opaque/ethidium bromide (RO/EB) fluorescent stains and were observed using a fluorescence microscope (Olympus ix73).

2.11. Hemostasis experiments on mouse liver and rabbit heart {#sec2.11}
------------------------------------------------------------

The hemostatic ability of DBAH in vivo was first studied by a using a mouse liver hemorrhage models (male Sprague--Dawley rats, 200--220 g, Jinling Hospital, Nanjing, China). All trial protocols and animal handling were conducted in accordance with the Jinling Hospital Animal Survey Ethics Committee. First, the mice were anesthetized with ketamine at 80 mg/kg body weight. Pre-weighed filter paper was placed beneath the liver, and bleeding was induced using a 20 gauge needle. DBAH segments with dimensions of 10 mm × 10 mm × 2 mm were immediately applied to the surface of the bleeding area. The bleeding volume was observed every 30 s, and the total amount of the blood loss was recorded by weighing the papers after 120 s. The hemostatic times were measured for the PU- and PEGDA-treated groups and that with no treatment as controls. The test was repeated three times (n = 3) to obtain the average blood loss.

To further evaluate the hemostatic potential of DBAH in dynamic injuries, hemorrhaging heart models of rats (male Sprague-Dawley rats, 200--220 g, Jinling Hospital, Nanjing, China) and rabbits (New Zealand white, two--four months old) were employed in vivo. After applying general anesthesia, a 20 gauge needle was used to pierce the hearts (n = 5). Then, the defects were rapidly covered with DBAH (10 mm × 10 mm × 2 mm). Photographs and videos were recorded to examine the adhesion and hemostasis activity at different times for a total duration of 5 min. Then, the hydrogels were peeled from the surface of the rabbit heart while images were recorded.

2.12. Wound healing study {#sec2.12}
-------------------------

All animal handling and protocols were approved by the Animal Ethics Committee of Jinling hospital, Nanjing, China. A mouse model of an infected full-thickness cutaneous wound was used to evaluate the effects of DBAH on wound healing. First, 24 healthy male Sprague-Dawley rats (180--250 g) received general anesthesia. Their backs were then shaved, and they were randomly divided into four groups. A rounded full-thickness cutaneous excision (1 cm × 1 cm) was performed on each rat, after which 100 μL of a solution containing *S. aureus* (1 × 10^7^ CFU mL^−1^) was applied to the defects. Subsequently, the four groups were treated with sterilized DBAH, PEG-DA hydrogel, PU wound dressing, and PBS, respectively. The mice were maintained in separated compartments, and the wounds were allowed to heal for nine days. The wounds were observed, and optical images were taken to record the microscopic self-healing process on days 0, 3, 5, and 7. ImageJ software was used to measure and calculate the wound area to obtain macroscopic wound healing data. The skin explants were collected on day 9, fixed in 10% formalin, and embedded in paraffin. The granulation tissue samples were stained following routine protocols for staining with hematoxylin and eosin (H&E) and Masson\'s trichrome, and IL-6 was used for immunohistochemistry staining. For neovascularization evaluation, the sections were probed with a primary antibody against CD31 (KEYGEN, KGYM0118--7) and α-smooth muscle actin (α-SMA; KEYGEN, KGYT5053-6). After primary antibody incubation, the skin sections were washed and incubated with FITC-(KEYGEN, KGAA26) and TRITC-(KEYGEN, KGAA98) conjugated secondary antibodies. The nuclei were counterstained with 4, 6-diamidino-2-phenylindole (DAPI).

3. Results and discussion {#sec3}
=========================

3.1. Synthesis and characterization of chitosan grafted with methacrylate (CS-MA) {#sec3.1}
---------------------------------------------------------------------------------

To mimic the structure of PIA, CS-MA was synthesized by specifically conjugating MA groups to amino groups of CS ([Fig. 1](#fig1){ref-type="fig"}a), following previous research \[[@bib31], [@bib32]\] with several modifications. A representative spectrum of ^1^H NMR analysis of the purified CS-MA polymer is depicted in [Fig. 1](#fig1){ref-type="fig"}b. The chemical shifts at 5.4 ppm and 5.7 ppm (a, 2H, CH~2~) were assigned to vinyl protons, which are characteristic signals of MA, indicating the successful conjugation of MA to CS. The four peaks at 2.5--4.2 ppm (b, c, d, e; 5H, CH--CH--CH--CH~2~) are ascribed to the N-acetylglucosamine ring protons from CS, and the peak at about 1.98 ppm (h, 3H, CH~3~) is attributed to the methyl protons of CS. The ratio of MA monomer to N-acetylglucosamine monomer in CS was confirmed by calculating the ratios of vinyl protons (a) and N-acetylglucosamine ring proton (b, c, d, e) groups present in the CS polymer. As shown in [Fig. 1](#fig1){ref-type="fig"}c, when the feeding ratios of MA and CS were 1:1, 1:6, and 1:9, the degrees of substitution (DS) of MA were 24%, 36%, and 44%, respectively. Because the deacetylated degree of CS used in this study was 70%, the hydrophobic residues (-CH~3~) in the CS backbone were 54%, 66%, and 74%, corresponding to 46%, 34%, and 26% cationic free amine groups (GlcNH^3+^) for CS-MA1, CS-MA2, and CS-MA3. Thus, the obtained CS-MA3 was the biomimetic polymer that are highly consistent with the composition, structure of natural PIA, which contains about 20% deacetylated monomers and 80% cationic free amine groups (GlcNH^3+^). The DS was positively correlated to the ratio of MA used in acylation reaction, which could be accurately controlled by adjusting the ratio of anhydride to amino groups. The DS of CS-MA was 24%, 36%, 44% and 44.2% corresponding to the anhydride to amino groups' molar feed ratios of 3, 6, 9 and 12, respectively. When the feeding ratio of MA and CS was more than 1:9, the DS of the MA no longer increased ([Fig. 1](#fig1){ref-type="fig"}b and c), mainly because of the limited solubility of MA.Fig. 1Synthesis and structure characterization of CS-MA. (a) Schematic illustration of the synthesis of CS-MA; (b) The ^1^H NMR spectra of CS-MA with different grafting density of MA (CS-MA1, CS-MA2, CS-MA3, CS-MA4); (c) Synthesis of CS-MA with different degrees of substitution (DS) of MA: CS-MA3 with 26% of the monomers are deacetylated, which is comparable to PIA. (d) The formation of DBAH via free radical polymerization reaction based on CS-MA, DA, and NMA.Fig. 1

3.2. Preparation and characterization of dual biomimetic adhesive hydrogel (DBAH) {#sec3.2}
---------------------------------------------------------------------------------

The DBAH was synthesized on the basis of free radical polymerization reactions of multi-vinyl monomers from CS-MA, DA, and NMA ([Fig. 1](#fig1){ref-type="fig"}d). To study the effects of the (CS-MA)/DA weight ratios, the gelation of DBAH in the presence of constant concentrations of NMA, CS-MA3, N, N′-methylenebisacrylamide (BIS), and ammonium persulfate/N, N, N, N-tetramethylethylenediamine (APS/TEMED) was studied. The detailed data are listed in [Fig. 2](#fig2){ref-type="fig"}a. The curing behavior of the hydrogel was examined via the inverted vial method ([Fig. 2](#fig2){ref-type="fig"}b). Transparent, viscous hydrogel formed when the weight ratio of the (CS-MA3)/DA was 24 wt% and remained stable until it decreased to 3 wt%. This decrease in weight ratio led to an increase in gelation time from 47 s to 74 s ([Fig. 2](#fig2){ref-type="fig"}c) because of the gradual reduction in the cross-linking density of the hydrogels. It should be noted that the hydrogel was unable to form when the weight ratio of the (CS-MA3)/DA was less than 1.5 wt%. This phenomenon occurred because the excess reductive DA molecules affected the activity of the initiator (APS) and thus retarded the polymerization of the vinyl monomers.Fig. 2Physical and mechanical characterization of DBAH. (a) Synthesis of DBAH with different ratio of (CS-MA 3)/DA (wt.%). (b) Hydrogel formation of DBAH with different (CS-MA)/DA (wt. %) (DBAH1: (CS-MA)/DA = 24%, DBAH2: (CS-MA)/DA = 12%, DBAH3: (CS-MA)/DA = 6%, DBAH4: (CS-MA)/DA = 3%). Suitable (CS-MA)/DA (wt. %) ((CS-MA)/DA ≥ 3 wt%) resulted in solid hydrogels. Lower CS-MA contents ((CS-MA)/DA = 1.5 wt%) resulted in viscous solution; (c) Gelation time of different hydrogels; (d) Purification of hydrogels with a three cycles of deionized water and ethanol. (e) Morphologies, (f) Swelling ratio, and (g), (h) Rheological analysis of DBAH.Fig. 2

To prevent the potential cytotoxicity of unreacted NMA monomers, the DBAH was purified prior to further measurements by repetitive circulation with deionized water and ethyl alcohol ([Fig. 2](#fig2){ref-type="fig"}d). The results of high performance liquid chromatography (HPLC) demonstrated that nearly no residual NMA monomers remained in the DBAH after three cycles of purification ([Supplementary Fig. S1](#appsec1){ref-type="sec"}). Considering previous studies in which most of the acrylamide (AM)-based hydrogels did not remove unreactive AM monomers prior to application, the DBAH in this study showed better biocompatibility. Furthermore, it is widely accepted that the mechanical properties and adhesiveness of AM-based hydrogels weaken significantly when used in aqueous environments. Thus, advance purification is crucial for fabricating hydrogel hemostatic materials in potential clinical applications. Accordingly, all of the DBAH samples used in the present study were purified as described above.

The microstructures of the lyophilized hydrogels were observed by scanning electron microscopy (SEM). [Fig. 2](#fig2){ref-type="fig"}e shows that the DBAH displayed a smooth surface with no porous structures when the weight ratios of the (CS-MA3)/DA were 24 wt% and 12 wt%. This result is attributed to the inhomogeneous network formed by rapid cross-linking, which is consistent with the gelation time. With a decrease in the weight ratio of the (CS-MA3)/DA from 12 wt% to 6 wt%, the hydrogels showed interconnected porous structures and microfibril structures owing to the gradual polymerization reaction and the homogeneous cross-linking density of the hydrogels. The best regular pore spacing was observed for the DBAH4 when the (CS-MA3)/DA was at 3 wt%. [Fig. 2](#fig2){ref-type="fig"}f also shows that the DBAH4 exhibited more distinct swelling behavior than that in the other groups because the additional porous structures are able to maintain more moisture \[[@bib33]\], which is a more suitable characteristic for a hemostatic dressing. The rheological measurements further demonstrated the effect of the weight ratios of (CS-MA)/DA on the mechanical property of DBAH. For all hydrogels, the storage modulus (G′) was consistently higher than the loss modulus (G″), and they exhibited a plateau in the whole frequency range ([Fig. 2](#fig2){ref-type="fig"}g and h). This is typical behavior of polymer hydrogels. In addition, with a decrease in the weight ratio of (CS-MA3)/DA from 24 wt% to 3 wt%, the storage modulus of the four DBAHs gradually increased from 2640 Pa to 5047 Pa owing to the more homogeneous and stable network structure compared to SBAH ([Fig. S2](#appsec1){ref-type="sec"}). These results are consistent with the hydrogel micromorphology.

3.3. Adhesive behavior of hydrogels {#sec3.3}
-----------------------------------

We next evaluated the effect of CS-MA on the adhesion strength of DBAH by comparison with that of single biomimetic adhesive hydrogels (SBAH), the PDA-NMA hydrogels free of CS-MA. As indicated in [Fig. 3](#fig3){ref-type="fig"}a and b, the adhesion strength of the DBAH increased with an increase in the DS of the MA; the maximum value of 34 kPa was shown for DBAH4 (CS-MA3). As CS-MA with higher grafting degree has more hydrophobic residues (-CH~3~) aggregates and quickly forms coacervates than other CS-MA, thus self-repelling the water molecules on the substrate surface and helping the DBAH anchoring. In addition, There are no hydrophobic residues (-CH~3~) aggregates in SBAH, so all of the DBAH samples exhibited much higher adhesion strength than that of the SBAH samples. The ultrastructural appearance of the adhesive interface was further observed by SEM analysis. As shown in [Fig. 3](#fig3){ref-type="fig"}c, compared with that of SBAH, a more tightly contacted and seamless interface was observed between DBAH4 (CS-MA3) and the interface tissue, indicating excellent tissue adhesion and integration. This is attributed to the biomimetic design of DBAH inspired by the PIA of biofilm. The proposed mechanism is that when DBAH is in contact with water on the surface of wet tissue, the hydrophobic residues (-CH~3~) of CS-MA3 aggregate to rapidly form coacervates, followed by self-removal of the interfacial water and dislodging of the hydration-layer barriers ([Fig. 3](#fig3){ref-type="fig"}d). Simultaneously, more catechol groups of DA and cationic free amine groups of CS-MA are exposed outward, accelerating sufficient contact with the wet adherent substrate and achieving robust wet adhesion. The interaction of interfacial forces is based on the binding affinity of DBAH with diverse nucleophiles (e.g., amines, thiol, and carboxyl) of biological molecules on tissue surfaces.Fig. 3(a) Adhesive strengths and (b) Lap shear curve of DBAH containing different kind of CS-MA on two pieces of porcine skin. The single biometic PDA-PAM hydrogel free of CS-MA as control; (c) Scanning electron micrographs of the interface between the hydrogel and the porcine skin; (d) Schematic illustration showing a potential mechanism of the tissue adhesion of DBAH. (e, f) Photographs of the DBAH adhering to the tissue. No detachment was observed between the hydrogel and tissue regardless of bending, distorting, and even under water flushing. (g) Photos of the multiple times repeatable adhering--peeling process of DBAH on the author\'s arm while no irritability.Fig. 3

Further, DBAH4 (CS-MA3) remained intact and tightly adhered to the tissue with no detachment through the processes of bending, distortion, and strongly turbulent water flushing ([Fig. 3](#fig3){ref-type="fig"}e and f). Moreover, the hydrogel had repeated superior adhesiveness even after 10 cycles of adhesion, and the user has no obvious skin allergywithin 24 h ([Fig. 3](#fig3){ref-type="fig"}g). All of these results demonstrate that DBAH is a hemostasis material with strong potential for application for in vivo wet and dynamic environments.

3.4. Burst pressure test {#sec3.4}
------------------------

To simulate an in vivo artery hemostasis environment, we utilized burst pressure tests to investigate the capacity of DBAH to withstand blood pressure ([Fig. 4](#fig4){ref-type="fig"}a and b). The burst pressure, which was dependent on the CS-MA, was significantly higher for all of the DBAH4 samples (CS-MA1, CS-MA2, CS-MA3) than that for the SBAH samples ([Fig. 4](#fig4){ref-type="fig"}c). The highest measurement, 168 mm Hg, was obtained for DBAH4 (CS-MA3), indicating the highest adhesion strength. This result is consistent with the in vitro evaluation of the adhesive strength. The burst pressure of the DBAH4 (CS-MA3) was significantly higher than in most clinical settings (systolic BP 60--160 mm Hg) and exceeded that of commercially available surgical sealants \[[@bib23],[@bib34]\]. This feature also suggests the potential of DBAH as a sealing agent for hemostasis.Fig. 4Burst pressure of DBAH. (a) Schematic diagram; (b) Experimental setup and specimen dimensions for the burst pressure measurement. PBS was pumped into the specimen chamber under a constant flow rate of 2 mL/min, while the pressure was recorded with a pressure gauge; (c) The observed burst pressure of DBAH containing different kind of CS-MA and SBAH.Fig. 4

3.5. Antibacterial performance {#sec3.5}
------------------------------

The DBAH also showed exceptional antibacterial performance against cell attachment, as determined by applying the hydrogel directly onto the wet surface of porcine skin. As shown in [Fig. 5](#fig5){ref-type="fig"}a, after 24 h of cultivation in the presence of bacteria, very few bacteria adhered to the interface of the DBAH and tissue. This result suggests that a tight contact and seamless interface were present between the hydrogel and the covered tissue. In contrast, the weak tissue adhesion and integration of tissue treated with polyurethane (PU) dressing and polyethylene (glycol) diacrylate (PEGDA) hydrogel enabled the invasion of substantially more bacteria. [Fig. 5](#fig5){ref-type="fig"}b and c shows that the antibacterial ability also depended on the CS-MA. The best antibacterial effect was shown by DBAH with CS-MA3, which agrees with the adhesion study. Moreover, this feature endows the DBAH with the pivotal capacity to prevent wound infections from impeding the skin repair process.Fig. 5Antibacterial activity analysis of DBAH. (a) Photos of bacteria clones at the interface of pigskin coverd 12 h with PU dressing, PEG-DA hydrogel and DBAH, respectively; (b) Macroscopical images of bacteria clones and (c) Quantitative bacerial viability of specimen treated by DBAH containing different kind of CS-MA and SBAH.Fig. 5

3.6. In vitro biocompatibility of DBAH {#sec3.6}
--------------------------------------

To prove the applicability of DBAH for biomedical applications, the in vitro biocompatibility was investigated against NIH-3T3 mouse fibroblasts. As presented in [Fig. 6](#fig6){ref-type="fig"}a, fluorescent confocal microscopy images after live/dead staining showed that the cultured cells were increasingly spindle-shaped and were spread quite well for DBAH between 24 h and 72 h of culture. No significant difference was observed among the DBAH and control group results. The results of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay showed that the optical density (OD) values increased with time and that the cell viability of the DBAH was maintained as high as 87.6% ± 3.2% compared with the control group results after co-culturing for 72 h ([Fig. 6](#fig6){ref-type="fig"}b). The results demonstrate that DBAH is relatively nontoxic even at higher polymer concentrations, which is vital for its further application in vivo. This biocompatibility is attributed mainly to the purification process of DBAH prior to application.Fig. 6In vitro cell compatibility. (a) CLSM images of the cells stained with the LIVE/DEAD assay kit after 24, 48 and 72-hour culture on DBAH\'s extract media. A normal culture medium was used as the control.(b) Cell viability of NIH-3T3 cells after 24, 48, and 72-hour culture in mediums that were conditioned with DBAH. Scale bars = 100 μm.Fig. 6

3.7. In vivo hemostatic ability of DBAH {#sec3.7}
---------------------------------------

The hemostatic ability of DBAH was first evaluated by using mouse liver hemorrhage models ([Fig. 7](#fig7){ref-type="fig"}a). Here, to probe the wet adhesive ability of hydrogel for enhancing the hemostatic efficacy, the PEGDA hydrogel, with the significantly weakened adhesive property, was chosen as the positive control. Notably, the bleeding in the liver wound was rapidly controlled within 30 s after treatment with the DBAH dressing. In comparison, that treated with PEGDA hydrogel still displayed obvious bleeding after 120 s ([Fig. 7](#fig7){ref-type="fig"}b). In addition, the DBAH-treated liver had significantly less blood loss, at 31.9 ± 5.3 mg, compared with that in the untreated liver and the liver treated with PEGDA, at 266.1 ± 41.2 mg and 116.5 ± 17.2 mg, respectively, after 120 s ([Fig. 7](#fig7){ref-type="fig"}c). The rapid hemostasis ability of DBAH can be attributed to its excellent wet adhesive performance. The mechanism of this material\'s wet adhesive property, specifically is rapid water repelling ability, is the cross-linked adhesion of the synergistic chemical bonds between the CS-MA and DA at the interface of the liver. The hydrophobic residues (-CH~3~) of CS-MA initially dislodges the hydrated bleeding surface and facilitates the subsequent robust binding of CS and DA to the wet liver substrates. At the hemorrhaging site, this material forms a hydrogel network barrier in the bleeding liver tissue. An additional pivotal factor is the inherent hemostatic effect of CS.Fig. 7Hemostatic performance of the DBAH. (a) A schematic illustration of the mouse liver hemorrhage model treated by DBAH; (b) Pictures showing hemostatic efficacy of the damaged SD rats liver treated by DBAH, PEGDA hydrogel (positive control), and untreated (negative control) within 120 s; (c) The accumulated blood loss from liver bleeding treated with different dressing as mentioned above at 120 s ("\*\*\*" means p \< 0.001); (d) A schematic illustration of the rabbit\'s heart bleeding model treated by DBAH; (e) In vivo test on a beating SD rats heart with blood exposure within 5 min; (f) In vivo test on a beating rabbit\'s heart with blood exposure within 5 min.Fig. 7

The in vivo hemostasis capacity of DBAH was further tested on beating rat and rabbit hearts ([Fig. 7](#fig7){ref-type="fig"}d--f). The bleeding of the beating heart was controlled by the DBAH within 1 min with no subsequent bleeding from the wound. Moreover, the DBAH adhesion was sufficiently strong to remain at the bleeding site and was not swept away after 5 min even under dynamic blood pressure flow. Collectively, these results demonstrate that DBAH has excellent in vivo hemostatic performance.

3.8. Effects of DBAH on wound healing {#sec3.8}
-------------------------------------

In addition to hemostasis, DBAH can also be used as a wound dressing for wound healing ([Fig. 8](#fig8){ref-type="fig"}a). Generally, in comparison with the control group and that treated by PU dressing, wounds managed by DBAH and PEGDA exhibited better healing effects because the hydrogel dressing can absorb wound exudates \[[@bib35]\] and prevents wound dehydration while keeping the wound moist to facilitate healing \[[@bib36]\]. Moreover, both the macroscopic images and the quantitative data of the wound sections revealed that the DBAH-treated group exhibited quicker healing than the PEGDA group ([Fig. 8](#fig8){ref-type="fig"}b--e). Notably, the wound closure rate and granulation tissue thickness in the wound bed were both higher for the DBAH-treated group. Further, a typical proinflammatory factor, interleukin-6 (IL-6), was investigated to evaluate the ability of DBAH in preventing infection. As shown in [Fig. 8](#fig8){ref-type="fig"}e, large amounts of IL-6 were detected in the control groups on the ninth day of healing, which suggests a severe inflammatory response owing to a *Staphylococcus aureus* (*S. aureus*) infection. In contrast, little secretion was observed in the DBAH group, indicating minimal inflammation or infection. The efficient wound healing and excellent anti-infection performance of DBAH are attributed likely to its strong integration with the tissue, which enhances cell proliferation and migration and accelerates the growth of new epidermis. Moreover, the close contact of the hydrogel with the surrounding tissue can prevent bacterial infection in the wound during the entire healing period.Fig. 8Evaluation of DBAH in vivo skin repair promotion at wound of SD rat dorsal skin. (a) Schematic illustrations of wound healing process; (b) Photographs of wounds treated with DBAH, PEGDA hydrogel and PU dressing (positive control), and untreated (Blank, negative control) at 0th, 3rd, 5th, 7th and 9th day; (c) Mean wound area and (d) Quantitative analysis of granulation tissue thickness of wounds at 9th day; (e) Quantification of CD31 labeled structures; (f) Hematoxylin--eosin and Masson staining, immunofluorescence staining of neovascularization, and immunostaining of IL-6 in granulation tissues of wounds at 9th day. Scale bars: H&E, Masson = 1 mm, CD31/MAB1281, IL-6 = 100 μm.Fig. 8

4. Conclusion {#sec4}
=============

In summary, we developed a novel dual biomimetic adhesive hydrogel **(**DBAH) for sealing hemostasis and wound healing with tough wet/dynamic adhesive and excellent antibacterial properties that was inspired by biofilm and the protein secreted by mussels. The robust wet adhesiveness of DBAH is attributed chiefly to the biomimetic polymer CS-MA inspired by the PIA of staphylococcal biofilm. The hydrophobic residues (-CH~3~) of the CS-MA rapidly self-repelled water molecules from the adherend interface, thereby resulting in increased exposure of catechol groups of DA and enhancing strong adhesion to the wet tissue surface. The resultant DBAH effectively integrated with the wet tissue contact to seal the wound and rapidly stop the bleeding, even in wet and beating hearts. In addition, this material promoted remarkable healing of a wound infected by *S. aureus* as a full-thickness cutaneous defect while showing biocompatibility. Therefore, DBAH is expected to provide a novel method for in vivo visceral hemostasis and accelerated healing of cutaneous skin wounds.
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